The herbaceous perennial weed Euphorbia esula L. (Euphorbiaceae) reproduces by vegetative and sexual means, characteristics that are key to its persistence and survival. In this study, we examined environmental effects on regrowth and flowering under controlled conditions to further validate field observations and set the stage for the future identification of molecular mechanisms involved in the regulation of these processes. Shoot cuttings were exposed to different combinations of decreasing temperatures, decreasing photoperiods, and vernalization, in growth chambers. Subsequently, shoots were removed and regrowth and flowering from new shoots were monitored in a warm temperature greenhouse under long-day conditions. Vernalization alone has no effect on regrowth and flowering. Plants required decreasing temperature followed by vernalization for rapid regrowth and flowering. Decreasing photoperiod at a constant temperature with or without vernalization had no significant effect on regrowth and flowering. In conjunction with previous field research, the results suggest that a gradually decreasing temperature is required as one of the components for flowering competence and vernalization is determinate for reproductive development under long-day conditions.
Introduction
Environmental cues regulate the transition of plants from one developmental stage to another (Bäurle and Dean 2006) . For example, reproduction in perennial plants, which occurs sexually through flowering and asexually through vegetative propagules, is characterized by alternating periods of growth and dormancy that occur in concert with environmental cues (Volaire and Norton 2006; Rohde and Bhalerao 2007) . Sexual reproduction in many perennials is predicated on the release of growth-inhibiting factors associated with dormancy in vegetative propagules, such as buds, to resume the normal growth cycle leading to floral meristem development and flowering ). Thus, vegetative and sexual reproduction may rely on similar environmental and molecular cues for release of bud dormancy and acquisition of flowering competence (Horvath et al. 2003; Böhlenius et al. 2006; Ruttink et al. 2007) .
In temperate-region woody perennial tree species such as Populus, Betula, and Salix spp., aspects of growth cessation, cold acclimation, terminal bud set, freezing tolerance, and bud dormancy are closely synchronized at the end of the growing season with short photoperiod (Junttila 1980; Welling et al. 2002; Li et al. 2005; Ruttink et al. 2007 ). In addition, the short-day photoperiodic response in these species is mediated by phytochrome and influenced by the ratio of red to far-red light (Howe et al. 1996) . Based on the response of other perennial plants, either cold exposure alone or cold in combination with short-day photoperiods (Chouard 1960; Smithberg and Weiser 1968; Schnabel and Wample 1987; Heide and Prestrud 2005; Svendsen et al. 2007 ) are likely required for endodormancy induction in buds. The physiological processes of dormancy release and induction of flowering competence rely on a longer-term chilling temperature and a period of vernalization, respectively; however, the two aforementioned processes have not been unequivocally demonstrated to differ (Chouard 1960; Rohde and Bhalerao 2007) . In any event, bud break and growth then coincides with increasing photoperiod and ambient temperatures.
The role of chilling temperature on dormancy in vegetative buds and induction of flowering has been investigated in many temperate-region species, particularly in Arabidopsis (Arabidopsis thaliana) and Populus spp. Dennis and Peacock 2007) ; less in-depth research has been done on herbaceous perennial plants. Shoots of these plants die-back in autumn, over-winter as vegetative stems and (or) roots at or below the soil surface, and resume growth from vegetative propagules in the spring when ambient conditions permit. Of particular interest are a group of serious agricultural pests worldwide that produce new shoot growth from underground adventitious buds located on the crown and root system. More specifically, these include broadleaf perennial weeds such as Canada thistle (Cirsium arvense), field bindweed (Convolvulus arvense), and leafy spurge (Euphorbia esula) (Holm et al. 1977) .
Leafy spurge is an economically and ecologically important invasive weed in natural-and agro-ecosystems of the Northern Plains and Mountain West regions of the United States and Canada (DiTomaso 2000) . This species has a remarkable ability to invade, spread, and persist because of vegetative reproduction from underground adventitious buds (commonly referred to as crown and root buds), and sexual reproduction through seeds. Dormancy-imposed inhibition of new shoot growth from crown and root buds is a key characteristic leading to the persistence of leafy spurge (Coupland et al. 1955) . Dormancy is the temporary suspension of visible growth of any plant structure containing a meristem, and it is not synonymous with an absolute cessation of growth and development (Lang 1987) . Crown buds of leafy spurge exhibit well-defined phases of para-, endo-, and ecodormancy . Para-, endo-, and ecodormancy are defined as control by factors outside the affected structure, inside the affected structure, and environmental factors, respectively (Lang 1987) , and have been called correlative inhibition, innate dormancy, and quiescence, respectively. Depending on yearly variations in the spring climate in the Northern Great Plains, new shoot growth can occur as early as April from overwintering crown buds, followed by rapid development of flowers from late April through early June. The new shoot growth from crown buds subsequently inhibits further shoot growth from remaining crown and root buds. Remaining paradormant crown buds degenerate shortly after flowering and a new set of crown buds usually become visible in June but remain paradormant. As the photoperiod and temperature decrease in late summer to autumn, crown buds transition into the endodormant phase and show limited growth of approximately 10 mm from October through mid-to late November. The endodormant phase ends in December, as determined by regrowth of shoots from crown buds and subsequent flowering when transferred from the field to warm, long-day conditions in a greenhouse. In the field, increasingly cold temperature is associated with the transition from paradormancy to endodormancy to ecodormancy and subsequent induction of flowering competence .
Leafy spurge is easily propagated in the greenhouse from shoot cuttings and therefore makes the plant suitable for physiological investigations of paradormancy. However, the plant does not complete its life cycle under ambient greenhouse conditions of 27 8C and 16 h photoperiod; shoots grow vegetatively but seldom flower. Transferring these plants to the field allows them to complete their life cycle, but they revert to strictly vegetative growth when moved back to the greenhouse for prolonged periods. An incomplete life cycle for greenhouse-grown plants limits research on endodormancy and flowering to field grown material . Conversely, lack of flowering in the greenhouse-grown plants provides the opportunity to investigate the biology of regrowth and flowering to follow-up on field observations . Therefore, we investigated the role of temperature, photoperiod, plant age, and vernalization under controlled conditions on new shoot growth originating from crown buds and subsequent flowering. Information that vernalization alone does not induce flowering, but a decreasing temperature during shoot growth followed by vernalization induces rapid shoot regrowth and flowering adds to our baseline knowledge on vegetative and sexual reproduction in this herbaceous perennial weed.
Materials and methods

Plants and greenhouse conditions
Leafy spurge (Euphorbia esula L.) plants were propagated through randomly harvested shoot cuttings from a genetically uniform population. The apical 5 cm portion of 2-to 3-month-old shoots were stripped of lower leaves, dipped in Rootone rooting hormone (Techpac, LLC., Lexington, Kentucky, USA), inserted in Sunshine Mix No. 1 (Sun Gro Horticultural Distribution Inc., Bellevue, Washington, USA) in SC10 cone-tainers (Stuewe and Sons Inc., Tangent, Oregon, USA), and exposed to occasional mist for 10 d. Rooted cuttings were then grown in the greenhouse set at 27 8C with a 16 h (day) : 8 h (night) photoperiod. Light fluencies ranged from 450 to 1150 mmolÁm -2 Ás -1 and supplemental light was provided with 430 W Son Agro high-pressure sodium lamps to extend the day length. Plants were watered with tap water and fertilized twice a week with Jacks 20:20:20 (N-P-K) fertilizer (J.R. Peters Inc., Allentown, Pennsylvania, USA). Plants were generally 3-to 4-months-old prior to application of the experimental treatments described below, but 2-and 5-month-old plants were also used in one experiment. The shoot length of 2-, 3-, 4-, and 5-month-old plants (mean ± SE) was 11 ± 0.4, 26 ± 1.0, 38 ± 0.8, and 52 ± 2.2 cm, respectively. After application of experimental treatments described below, shoots were removed from plants at the soil surface and these decapitated plants were moved back to the greenhouse where regrowth was determined weekly. Main shoot regrowth from crown buds and the number of plants that flowered after 4 weeks are presented.
Vernalization alone
Two groups of plants, one with intact shoots and another in which the shoot had been decapitated just prior to placing them in a vernalization cabinet, were incubated in the vernalization cabinet for 8 weeks at 4-7 8C under an 8 h (day) : 16 h (night) cycle. Light fluencies in the cabinet were approximately 400 mmolÁm -2 Ás -1 as provided by 60 W cool-white high output fluorescent lamps. Following vernalization, shoots were removed (decapitated) from the intact plants; significant regrowth did not occur during vernalization on the decapitated plants so a second decapitation was not necessary. Subsequently, both groups of plants were transferred to a greenhouse for the regrowth measurements described above. Control plants that were also intact were not vernalized prior to decapitation for regrowth.
Decreasing temperature, decreasing photoperiod, and vernalization Two-, 3-, 4-, and 5-month-old plants, in a programmable growth chamber (PGR15, Conviron, Winnipeg, Manitoba, Canada), were subjected to a decreasing temperature of 1.42 8CÁweek -1 (27 ? 10 8C) and a decreasing photoperiod of 40 minÁweek -1 (16 ? 8 h photoperiod) for 12 weeks. Light fluencies in the growth chamber were approximately 800 mmolÁm -2 Ás -1 as provided by 65 W high output fluorescent lamps supplemented with 60 W incandescent bulbs. Thereafter, the plants were vernalized for 0 or 8 weeks as described above and then decapitated and transferred to a greenhouse for measurement of regrowth.
Constant temperature, decreasing photoperiod, and vernalization
Plants in a growth chamber set at a constant temperature of 27 8C were subjected to a decreasing photoperiod of 40 minÁweek -1 for 12 weeks (16 ? 8 h light). Thereafter, plants were vernalized for 0 and 4, 8, or 12 weeks and then decapitated and transferred to the greenhouse for measurement of regrowth. An additional set of plants was decapitated and regrown without a decreased photoperiod and vernalization treatment, as a control.
Decreasing temperature, constant photoperiod, and vernalization
Plants in a growth chamber set at a constant photoperiod of 16 h (day) : 8 h (night) cycle were subjected to a decreasing temperature of 1.42 8CÁweek -1 for 12 weeks (27 ? 10 8C). Thereafter, plants were vernalized for 0, 8, or 12 weeks and then decapitated and transferred to the greenhouse for measurement of regrowth. Vernalization was done using either an 8 h (day) : 16 h (night) or a 16 h (day) : 8 h (night) cycle.
Data analysis
Six cone-tainer plants were randomly selected from the greenhouse population for each treatment within an experiment and experiments were repeated twice. Flowering data were arcsine transformed for analysis to circumvent problems with many treatments having 0% flowering and the data were analyzed using the generalized linear mixed model (PROC GLIMMIX) procedure of SAS 9.2 (2008; SAS Institute Inc. Cary, North Carolina, USA). Treatment means were separated with a Tukey-Kramer's test and then back transformed to percent flowering. The regrowth after treatment data were analyzed using the PROC GLIMMIX and 95% confidence intervals were generated for treatment by week means.
Results
Vernalization alone
Vernalization of intact or decapitated plants for 8 weeks did not induce flowering (Table 1) . Regrowth of these plants ranged from 17 to 23 cm over 4 weeks, but did not differ from the control (Fig. 1) .
Plant age, decreasing temperature, decreasing photoperiod, and vernalization
In preliminary experiments using 3-month-old plants, we determined that gradually decreasing the temperature and the photoperiod over 12 weeks, followed by 4, 8, or 12 weeks of vernalization induced 60% to 100% flowering (data not presented). Having established conditions for flowering, we evaluated the effect of plant age on regrowth and flowering. Plants that were vernalized following treatment with a gradually decreasing temperature and photoperiod grew an average of 38.3 ± 1.4 cm over 4 weeks whereas plants treated in the same way, but not vernalized, averaged 21.6 ± 3.0 cm during the same time, regardless of the plant's age at initiation of the experiment (Fig. 2) . Vernalization following the gradually decreasing temperature and photoperiod treatment resulted in flowering and there was no difference in flowering based on age of the plant (Table 1) . Vernalization rather than plant age had the greatest effect on growth and flowering; therefore we used 3-to 4-month-old plants in subsequent experiments.
Constant temperature, decreasing photoperiod, and vernalization
Data were combined for plants subjected to a gradually decreasing photoperiod at a constant temperature followed by 4, 8, or 12 weeks of vernalization because their growth and flowering was not significantly different. In any event, there were no significant differences in growth between control plants receiving no treatment and plants subjected to a gradually decreasing photoperiod at a constant temperature with and without vernalization (Fig. 3) . Plants subjected to a gradually decreasing photoperiod and constant temperature with or without vernalization did not flower; control plants that received neither treatment also did not flower (Table 1) .
Decreasing temperature, constant photoperiod, and vernalization
Plants subjected to a gradually decreasing temperature at a constant photoperiod with vernalization grew an average 38.1 ± 1.4 cm over 4 weeks, and there was no difference whether the plants were vernalized for 8 or 12 weeks with 8 or 16 h of light (Fig. 4) . Plants subjected to a gradually decreasing temperature at a constant photoperiod but not vernalization grew 27.1 cm over 4 weeks. Gradual decreasing temperature at a constant photoperiod followed by vernalization stimulated nearly 100% flowering; nonvernalized plants did not flower (Table 1) .
Discussion
Nontreated leafy spurge plants grown from rooted shoot cuttings display a nearly linear rate of regrowth in a warm, well-lit greenhouse from 1 to 3 weeks after decapitation of the shoot(s); as anticipated, these plants did not flower. This regrowth and lack of flowering was not changed by vernalization alone. Our initial hypothesis was that vernalization would induce flowering, since it is effective for floral transition in plants such as Arabidopsis when grown under longday conditions (Henderson et al. 2003) . Occasionally one or Decreasing temperature (dT) with decreasing photoperiod (dP) with and without vernalization (4-7 8C) dT/dP but not vernalized (2 months old*) 0a dT/dP but not vernalized (3 months old*) 0a dT/dP but not vernalized (4 months old*) 0a dT/dP but not vernalized (5 months old*) 0a dT/dP and vernalized 8 weeks (2 months old*) 100b dT/dP and vernalized 8 weeks (3 months old*) 96b dT/dP and vernalized 8 weeks (4 months old*) 96b dT/dP and vernalized 8 weeks (5 months old*) 96b
Constant temperature (cT) with decreasing photoperiod (dP) with and without vernalization (4-7 8C) Control (no treatment and not vernalized) 0a cT/dP but not vernalized 0a cT/dP and vernalized 4, 8, or 12 weeks 0a
Decreasing temperature (dT) with constant photoperiod (cP) with and without vernalization (4-7 8C) dT/cP but not vernalized 0a dT/cP and vernalized 8 weeks in 8 h light 100b dT/cP and vernalized 12 weeks in 8 h light 96b dT/cP and vernalized 8 weeks in 16 h light 100b dT/cP and vernalized 12 weeks in 16 h light 96b more leafy spurge plants flowered without an inductive pretreatment (Table 1 ; M. Foley, unpublished data). The reason for this ''leakiness'' or sporadic flowering is not known, but it has been observed when some vernalization-requiring herbaceous perennials are held in the greenhouse for prolonged periods of time (Chouard 1960; Padhye and Cameron 2008) . Perhaps these plants either do not have an obligate vernalization requirement or possess alternative pathways and interacting signalling threshold values that play a role in flowering (Henderson et al. 2003) .
Since vernalization alone was ineffective and numerous external signals influence flowering, we applied a pretreatment to the shoots of gradually decreasing temperature and photoperiod with and without vernalization. With this treatment, we sought to simulate natural conditions in the field that induce endodormancy and which potentiate the response to vernalizing conditions, and thus; promote seasonal regrowth and flowering . In these experiments, pretreatment alone did not affect regrowth or flowering compared to nontreated controls, but when followed by vernalization, regrowth was generally much greater and nearly all plants flowered. Flowering depends on expression of a network of genes that are regulated by factors internal and external to the plant. There are numerous examples in both animals and plants where specific environmental and developmental criteria must be met to respond to later environmental or developmental stimuli. In many of these cases, the initial cue alters the chromatin structure around key regulatory genes, thus, allowing them to respond to later environmental or developmental signals. Vernalization itself is a chromatin-mediated response to specific environmental conditions that potentiates the response to long-day floral induction in Arabidopsis (Bastow et al. 2004; Sung and Amasino 2004; Dennis and Peacock 2007) . Perhaps both decreasing temperature and vernalization are required to down regulate molecular repressors of flowering such as EARLY BOLTING IN SHORT DAYS (EBS) (Piñeiro et al. 2003 ) so key integrators of floral promotion pathways such as of FLOWERING LOCUS T (FT) (Böhlenius et al. 2006) can be expressed in leafy spurge. In any event, decreasing temperature and decreasing photoperiod were confounding effects so we examined each factor independently. Rapid regrowth and flowering was induced by decreasing temperature followed by vernalization, but not by decreasing photoperiod followed by vernalization. Thus, a gradually decreasing temperature is required as one of the components for vernalization and subsequent flowering competence and is determinate for reproductive development (Huala and Sussex 1993) , under our conditions. An alternative, but less likely explanation is that the step-wise decrease in temperature from 27 to 10 8C over 12 weeks may simply add to the accumulation of sufficient chilling hours necessary for rapid growth and flowering. However, 12 weeks of vernalization at 4-7 8C alone provided a high accumulation of chilling hours, but did not induce flowering (data not shown).
The environmental requirements for flowering of many herbaceous perennial plants have been evaluated under controlled conditions owing to their economic value in horticulture (Cameron et al. 2007 ). Generally, flower induction varies tremendously within and between species, and coldtemperature exposure can have different and multiple effects (Iversen and Weiler 1994; Whitman et al. 1996; Darnell et al. 2003) . The first cold-temperature effect in some plants may be necessary to reduce growth potential, sending vegetative propagules into endodormancy; in others it may release plants from dormancy. Leafy spurge plants in nature enter endodormancy when the average daily soil temperature ranges from 15 to 10 8C to prevent shoot growth from crown buds during the transition from autumn to winter (see Fig. 2 in Anderson et al. 2005) . Endodormant plants transferred from the field to a greenhouse show very little regrowth (0-10 cm after 30 d) and do not flower after endodormancy is released by prolonged growth-inducing greenhouse conditions. We did not detect significant differences in regrowth in greenhouse grown plants after the gradual decrease to 10 8C compared with nontreated controls, which may indicate a level of dormancy too low to detect with weekly regrowth measurements, too short of a period at 10 to 15 8C, lack of another critical environmental factor, or lack of endodormancy in the crown buds derived from these shoot cuttings. Nevertheless, this temperature pretreatment was one component for flowering competence. Molecular investigations are underway to discover common signalling intermediates between flowering and photoperiod-induced cessation of vegetative growth and bud set in Populus spp. (Böhlenius et al. 2006; Hoenicka et al. 2008; Ruonala et al. 2008) . Although end of seasonal growth cessation and flowering are disparate processes in perennial plants, in terms of regulatory mechanism such as CONSTANS (CO)/FT/CENTRORADIALIS-LIKE1 (CENL1) they might have important commonalties (Ruonala et al. 2008) .
The second cold-temperature treatment of vernalization triggered a dual response in leafy spurge of accelerated regrowth and a growth pattern transition from foliar to floral under the warm, long-day conditions in the greenhouse. Vernalization ensures that flowering does not occur in unfavourable winter conditions in temperate climates. In leafy spurge plants grown under natural conditions, vernalization coincides with release of the endodormant period when the average daily bare soil temperature ranges from about 5 to 0 8C ). This vernalization period not only facilitates the transition from endodormancy to ecodormancy (Horvath et al. 2003) , but when ecodormant plants are transferred from the field to greenhouse they also show normal shoot regrowth (18-35 cm) and flowering . Thus, the accelerated regrowth of leafy spurge after vernalization compared with control plants that only received a decreased temperature treatment suggests that some low level of endodormancy was achieved. As a result, we propose that in leafy spurge, vernalizing conditions are determinate for reproductive development and play a role in the release of endodormancy in crown buds.
The preponderance of fundamental research on vernalization and flowering has been done with the model annual plant Arabidopsis (Bäurle and Dean 2006; Corbesier et al. 2007; Dennis and Peacock 2007) , and nonherbaceous perennials such as Populus spp. and citrus (Böhlenius et al. 2006; Nishikawa et al. 2007 ). In contrast, very limited fundamental information exists on vegetative reproduction, vernalization, and flowering in economically important herbaceous perennial plants, including invasive weeds such as leafy spurge (Chouard 1960; Chao et al. 2007; Rohde and Bhalerao 2007) . We proposed leafy spurge as a model perennial to investigate weedy characteristics ) and have conducted some applied and fundamental research under natural and controlled conditions to set the stage for examining mechanisms, signals, and pathways that regulate seed and bud dormancy Foley and Chao 2008) . There is merit to understanding these and other biological processes in herbaceous perennials beyond the application to integrated weed management and improved production of other economically important perennial plants (Anderson 2008) . Specifically, the developmental context is different in annual, woody perennial, and herbaceous perennial plants. In woody perennials like Populus spp., the mature growing apices transitions to overwintering buds, while in herbaceous perennials like leafy spurge the mature growing shoot apices senesce and die like in Arabidopsis. However, unlike in Arabidopsis, new crown buds are formed in leafy spurge for resumption of seasonal growth. Besides its descriptive value, new data on flowering opens ways for future targeted approaches such as transcriptomics for identification of coordinately regulated sets of genes associated with dormancy, vernalization, and flowering in leafy spurge Anderson et al. 2007 ).
